The dynamic holography in new composite materials based on a novel class of metal-alkanoate ionic liquid crystals (ILCs
Introduction
Class of ionic liquid crystals (ILCs) based on metal alkanoates includes lyotropic and thermotropic LC as well as ionic smectic glasses (ISG). Every molecule consists of alkyl chains that ended by carboxyl anions, which are connected with one-, di-or ter-valence metal cation. ILCs form a stable bi-layer spatial structure including alkyl chains and anion-cation layers between them. ILCs associate with smectic A. The review [1] gives a broad description of stability, chemical and physical properties of the thermotropic ILC mesophases as well as thermotropic binary and ternary mixtures. ILCs possess high intrinsic ionic conductivity that depends on the temperature exponentially. It was noted ILCs exhibit anisotropy of the electric conductivity determined by their bi-layer spatial structure.
Pure lyotropic ILC matrix is transparent in the visible range of spectra. But, because of its amphiphilic nature, various light-absorbing both organic and non-organic impurities can be solved in ILC matrix including polymethine dyes, electro-chromic and photochromic impurities (viologens). At the same time, thermotropic ILC and ISG based on di-valent ion Co 2+ are coloured and absorb light in the visible spectral range [2] . The coloured ILC and ISG possess the property of dynamic holographic recording based on the resonance nonlinearity of photosensitive centres [3] . At the same time, ILC matrix provides fast relaxation of accumulated heat energy in cells. The characteristic erasure time of residual thermal gratings is~30 µs at the grating period 15 µm. Heat-conductive properties of ILC matrixes allow one to create composite cells that includes both absorbed photosensitive layers and ILC layers. Thus, dynamic grating recording with fast erasure time was obtained in composite cells containing a polymethine dye film and lyotropic ILC [3] . Note, that the dye film gives only permanent gratings due to creation of a relief on its surface.
Optical holographic recording is studying extensively for molecular LC and polymer-dispersed LC materials exploiting the photorefractive effect [4] [5] . Resonance properties of dye dopants have been investigated in different liquid and solid solutions, as well as in polymers [6] . But, usually, the dyes serve as effective light absorbers and nonlinearity are connected with various secondary thermal effects in solvent matrixes. Major efforts are directed to create electrical-controlled memory systems and switching at action of continuous low intensity lasers.
In our investigated ILC composites, the main contribution to nonlinearity is connected with resonance nonlinearity of electronic excited photosensitive centres. The metal-alkanoate ILC matrixes exhibit physical properties (such as a rigid spatial structure, thermal, electrical and dielectrical properties) very similar to solids. Lyotropic ILC as a heat dissipation layer can be used in composite cell with different dielectric films including complexes with charges transfer, Langmuir-Blodgett dye films. Lyotropic ILCs are like soft electrodes by their electrical properties that are important features to create flexible composite cells. The investigated in this paper ILC based composites can be employed in fast all-optical switching devices under action of picosecond and nanosecond pulses.
We study holographic properties of composite cells based on a polymethine dye film and lyotropic potassium caproate and ISG of the La 3+ capronate with polymethine dye in the concentration of 0.5 wt.%. The experimental results are explained by developed theoretical modelling the dynamic holography self-diffraction based on the mechanism of absorption saturation.
Holographic properties of ILC composites with dyes
Here, we consider optical nonlinearity mechanism of absorption saturation in photosensitive centres in the composite cells based on metal alkanoate ILC. The composite cells contain a polymethine dye thin film covered by a lyotropic ILC layer of the potassium caproate. The dye molecules partially diffuse into ILC matrix, a heterogenous layer being formed between the dye film and the ILC layer. We use the polymethine dye of the anion type, its structural formula is shown in Fig. 1 . The thickness of cells is d = 20-30 µm. All the samples have the absorption band in the visible spectrum with the peak close to the wavelength of the laser excitation l 0 = 539.8 nm. The typical dependence of the optica density D versus the input intensity J of the laser excitation is shown in Fig. 2 . This dependence illustrates the brightening effect, and it is approximated by the law
The experimental value J s = 1.4 MW/cm 2 , D 0 = 0.66. The ratio of Eq. (1) was obtained from the conventional two-level model that describes electron transitions between the ground excited states at light absorption [7] . This model is usually applied for dye molecules, where the exited state is the lowest from either one or many short-living levels on which the electronic transitions take place during light absorption. Changes of the number of molecules being in the ground state N 1 and on the excited level N 2 is described by the rate equations
where g is the quantum yield, s is the absorption crosssection, and hv is the photon energy at l 0 , T 1 is the lifetime of the excited level, and J is the light intensity. 
where 
are the population densities of every two levels in the steady state. Equation (4) In the course of holographic recording, two input laser beams create an interference pattern. We applied the usual two-wave mixing holographic scheme with transmission geometry. A pumping laser was a double frequency Q-switched Nd:YAP, l 0 = 539.8 nm, the duration of one pulse was 20 ns, the pulse repetition 3 Hz. In the scheme, the beam from the pumping laser goes through a diaphragm of the diameter of 1 mm and a splitter system, which creates two beams of equal intensities. The beams are converged onto a sample at the angle , which defines the grating period L. The output intensity in the regime of the self-diffraction is measured by fast PIN photo-diodes connected with the oscilloscope PCS500 (1 GS/s-50 MHz), and the signals are registered by a computer.
The input intensity distribution can be described by a sinusoidal function on the cell plane
where J 0 is the intensity of one beam,
is the grating period, x is the direction on the cell plane, and z is the direction of light propagation along the cell thickness. Equation (5) is valid for equal intensities of the both input laser beams. Due to the nonlinear effect of the absorption saturation, the distribution profile of the absorbed molecules will not coincide with the intensity profile of Eq. (5) inside the cell.
The brightening effect connected with the absorption saturation manifest itself in a change of the cell transmission, which can be described by the Lambert-Bouguer law
, where I d is the output light intensity from a sample of the thickness d, and I 0 is the input intensity. The absorption constant a = DNs is defined by the difference between the number of molecules being in the excited state and in the ground one. Further, we use the definition of the complex refractive index $ n n i = + k, the relation between a and the absorption index k = a/(2k 0 ) = al/(4p) and the ratio for the optical density after illumination in the steady state D = dN 0 s/ln (10) . Then, we can express the absorption index modulation through the values of D and population densities The absorption grating is described in the steady state by Eq. (6) . As the grating has a non-sinusoidal profile, the output intensity can be expanded into the Fourier series. As a result, many diffraction orders are observed. The output intensities in every diffracted order can be found from the wave equation [9] . Using the conventional approximation of a slow varying amplitude and taking into account that absorption connected with conduction current is absent during action of a nanosecond laser pulse, we obtain the differential equations followed from the wave equation that describes the changes of the wave complex amplitudes through a nonlinear medium along the direction of light propagation where A A i i i = exp( ) j is the wave complex amplitude, i = ±1, ±2 designates the diffraction orders, i = 0 denotes the transmission beam, z z d ' ln cos = 10 2 q is the normalized coordinate, n 0 is the average refractive index (for the potassium caproate n 0 = 1.44). In the second equation, one has to use either the first indexes before the comma for the wave of the first diffraction order or the second indexes for the minus-second diffracted order. Equation (7) describes the diffraction from a given grating that can apply to study the self-diffraction regime in thin non-volumetric samples. Also, we restrict our consideration only by two diffraction orders. The first term in the every part of Eq. (7) is the light absorption, the second term is the diffraction from the absorption grating Dk, the third term is the diffraction from the refractive index grating Dn, Dk 
The fourth terms in Eq. (7) designate a phase incursion, which a wave takes when propagating in the direction of a definite diffraction order. The modulation of the refractive index is connected with the absorption grating by the Kramers-Kronig relationship
'[ ( 
where D(l) is the normalized absorption spectral band, n 
The typical measured dependence of the J out 1 versus energy of the laser beam is presented in Fig. 3 for the composite cell of lyotropic ILC with the anion dye film. Similar curves were obtained for ionic smectic glasses with the dye. The calculation of the diffraction efficiency with taking into consideration only the absorption grating Dk shows, that the experimental diffraction efficiency is four orders higher as compared with the calculated one. In this case, the main influence on the holographic recording is caused by the refraction index modulation. The continuous curve in Fig. 3 is the theoretical fitting made from Eq. (7) with including into consideration the refraction index grating. The meaning of the Kramers-Kronig integral served as the fitting parameter. These experimental and theoretical dependences show that the proposed model can be applied to explain the observed holographic efficiency in the Raman-Nath self-diffraction regime.
Temporal relaxation of the ILC matrix
A distinctive feature of the holographic recording in composites with metal alkanoate ILC is that the ILC matrix provides fast temporal relaxation of created thermal gratings. Actually, the optical nonlinearity results from the resonance nonlinearity at light absorption by photosensitive centres of composites. The absorbed energy due to non-radiative transitions from excited states to the ground state leads to a local heating that creates expansion or stress of the material and, in such a manner, induces thermal gratings [7] . The thermal gratings often give the main effect on the refraction index modulation for majority classes of holographic LC materials. But, for metal alkanoate ILC, the thermal gratings fast disappear after termination of a pumping laser pulse.
To study relaxation processes in the dynamics gratings, the scheme with a probe beam from a Nd:YAP laser was used for grating readout. The intensity of the probe beam was two orders smaller as compared with that of writing beams. We arranged the set-up with a time delay for the probe beam readout relatively to the beginning of the writing pulse. The maximum delay time was 50 ns. The experimental results show that the diffraction efficiency over 30 ns after the end of the writing pulse is decreased approximately three-fold. We suggest that the induced nonlinearity in the time region later on the termination of the acting laser pulse is connected with the arising thermal grating. The corresponding Dn can be caused by elastic deformation due to local heating in the ILC. The properties of ILC viscous smectic matrix are similar to solids but not to solutions, and heating leads to elastic deformation mainly in ILC.
Time relaxation of weak residual thermal gratings in our holographic set-up was investigated as well. The grating was indicated using a probe beam from a He-Ne laser that had the intensity 2 mW. The registration of the output intensity in the first diffraction order started from the time Opto 
Conclusions
The main holographic characteristics of the dynamic gratings have been obtained for the composites based on lyotropic ILC of the potassium caproate and of ionic smectic glasses of the La-capronate containing photosensitive polymethine dye of the anion type. The recording of dynamic gratings lasts for the time 20 ns, the erasure does for 100 µs. Ionic smectic matrix provides fast effective heat relaxation in thin composite cells. The optical nonlinearity of the investigated composites is the result of the resonance nonlinearity due to absorption saturation of excited dye molecules. The corresponding theory describing the self-diffraction regime of Raman-Nath thin grating is developed. The comparison of our theory with the experiments shows a good agreement. This theoretical approach can be used for holographic investigations of materials with high changes of the refraction index.
Note, that the resonance nonlinearity besides of absorption saturation (defined by the difference of numbers of molecules being in excited and ground states) includes also the effect connected with changes of the dipole momentum of the electron transition in molecules at light excitation [7] . Then, the refractive index modulation should be supplemented by the component Dn d followed from the dipole momentum change. In this case, the refraction index modulation and the holographic diffraction efficiency can be significantly increased by using novel materials with giant resonance nonlinearity. For example, miracyanine dyes have the transition dipole momentum 10 times higher as compared with that of ionic polymethine dyes [11] .
Further researches of Bragg diffraction in thin films, as well as creation of composite films for other applications, for example for lasing effects, fiber lasers, luminophores, are perspective. Composites based on ILC and ionic smectic glasses can become promising materials for applications in all-optical switch elements for telecommunications systems, in hybrid organic/inorganic photoconductive materials, in bifunctional (electro-optical) cells. The composite cells based on ILC permit one to provide different types of optimization, for example to use the films of novel dye molecules with giant nonlinearity for the purposes of effective real time dynamic holography. 3 doped by anion dye (0.5 wt.%) (solid line).
